Chemoreceptor methylation and demethylation has been shown to be at the core of the adaptation mechanism in Escherichia coli chemotaxis. Nevertheless, mutants lacking the methylation machinery can adapt to some extent. Here we carried out an extensive quantitative analysis of chemotactic and chemokinetic methylation-independent adaptation. We show that partial or complete adaptation of the direction of flagellar rotation and the swimming speed in the absence of the methylation machinery each occurs in a small fraction of cells. Furthermore, deletion of the main enzyme responsible for acetylation of the signaling molecule CheY prevented speed adaptation but not adaptation of the direction of rotation. These results suggest that methylation-independent adaptation in bacterial chemotaxis involves chemokinetic adaptation, which is dependent on CheY acetylation.
Bacterial chemotaxis, like most other behavioral systems, consists of excitation and adaptation processes [1] . Excitation is the initial signaling event, whereas adaptation restores the unstimulated behavior of the cell even though the stimulant is still present. It is well established that adaptation in bacterial chemotaxis involves reversible methylation of the chemotaxis receptors, which indirectly modulates the phosphorylation level of CheY -the excitatory response regulator of bacterial chemotaxis. Phosphorylated CheY can then regulate the direction of flagellar rotation by binding to the switch protein FliM at the base of the flagellar motor ( [1] [2] [3] for reviews). However, studies carried out some three decades ago raised the possibility that Escherichia coli and Salmonella cells can somewhat adapt even in the absence of one or both of the methylating and demethylating enzymes, CheR and CheB, respectively [4, 5] . This suggested the involvement of an additional, methylation-independent, adaptation mechanism [4] [5] [6] . Such a mechanism was suggested to involve a change in the level of FliM in the motor, thereby modulating of the number of CheY-binding sites [7, 8] , or modulation of the oligomeric state of the phosphatase CheZ [9, 10] . CheY activity can be regulated by a phosphorylation-independent and methylation-independent manner via acetylation of lysine residues 91 and 109 [11] , raising the question of whether acetylation is involved in methylation-independent adaptation. Here we addressed this question.
Materials and methods

Materials
L-methionine was purchased from Calbiochem; streptomycin, kanamycin, chloramphenicol, a-methyl-DL-aspartic (MeAsp) acid and isopropyl b-D-1-thiogalactopyranoside (IPTG) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Bacterial strains and plasmids
The strains used in this study are listed in Table 1 . Strain EW530 was prepared by P1 transduction of the strain Δacs:kan from the Keio collection [12] into Δ(cheR cheB) (RP2867). EW552 strain was created by transforming acetyl-CoA synthetase (Acs)-expressing plasmid (taken from the ASKA library [13] ) into EW530. EW623 and EW624 were prepared by transformation of pBES38 plasmid [14] into RP2867 and EW530 strains, respectively. 
Measurements of tethered and swimming cells
Cells were grown at 30°C with continuous shaking in 10 mL tryptone broth supplemented with appropriate antibiotics till OD 590 nm = 0.4-0.6. Following flagellar shearing by passing the culture through a 21 lm needle, cells were collected by centrifugation (5 min at 184 g) and washed twice with chemotaxis buffer (10 mM KP i , 0.1 mM EDTA, 0.1 mM L-methionine, pH 7.0). The cells were tethered through their flagella to glass slides in a flow chamber [15] as described earlier [16] , and the rotation of the tethered cells was recorded at 75 framesÁs
À1
. For the observation of swimming, cells similarly grown and washed (without flagellar shearing) were recorded at 25 framesÁs À1 . All the experiments were performed at room temperature (23-25°C). All the parameters were calculated by homemade software written in MATLAB (MathWorks, Natick, MA, USA), in which each frame region suspected as cell was modeled as an ellipse and measured for the length of its major axis and center of mass. The points of center of mass were taken as the X and Y coordinates for the location of the cells, and were used to generate trajectories. In the case of swimming analysis these trajectories were used to calculate the angular velocity, averaged each 1 s. Cells were considered immotile when > 90% of the localization events of their trajectories were found inside a circle having the center of the average X and Y coordinates of the trajectory and a radius of the average major axis of the cell. In the case of tethering analysis, the axis of rotation of the cell was determined for each trajectory as the area in which the cell area overlapped in all frames, and the direction of rotation was determined according to the frame to frame angular shift of the cell with respect to the axis of rotation.
Bead assay and data analysis
Cells were grown, sheared and washed similarly as for tethering. The cell suspension was incubated with 0.46 lm polystyrene latex beads (Sigma-Aldrich; final dilution 1/ 4000) for 1 h at room temperature and placed on circular cover slips for 30 min to let cells stick to the glass. The bacteria were observed in a flow chamber [15] with a phase-contrast microscope (Carl Zeiss, Jena, Germany) using 409 objective and recorded at 75 framesÁs
À1
. The rotation speed of the beads was manually monitored for 30 s intervals at the indicated time points.
Statistical analysis
Statistical analyses were carried out using INSTAT 3 software package (Graph Pad Software, La Jolla, CA, USA).
Results
An earlier study with a strain lacking both the methyltransferase and methylesterase enzymes [a Δ(cheR cheB) mutant] revealed a heterogeneous response, with some cells failing to respond to attractant stimulation, others responding but failing to adapt, and some responding and partially adapting [6] . To study whether CheY acetylation may be involved in methylation-independent adaptation, we performed high-resolution quantitative measurements of the response of cells, tethered to glass via single flagella, to the non-metabolizable attractant MeAsp. Consistently with Segall et al. [6] , the response of the Δ(cheR cheB) strain to MeAsp was highly heterogeneous, with the large majority of the cells not responding or not adapting (Fig. 1A) . The heterogeneity included cells that responded to the attractant but exhibited no adaptation within the measurement period (Fig. 1B) , cells that partially adapted following a normal excitatory response to MeAsp (Fig. 1C) , and cells that had a slow excitatory response and complete slow adaptation (Fig. 1D) . Clearly, the ability of Δ(cheR cheB) cells to adapt to MeAsp by modulating the direction of their flagellar rotation was restricted to a small fraction of the bacterial population (~8% of the cells, corresponding to~16% of the responsive cells). Due to the small fraction of adapting cells relative to the large fraction of non-adapting cells (Fig. 1A) , averaging the results of all the responsive cells (54% of the cells) did not yield a curve suggestive of adaptation of the direction of flagellar rotation (hereafter termed 'directional adaptation') at the population level (Fig. 1E) . Interestingly, cells with higher levels of clockwise rotation had, on average, higher probability of exhibiting partial or complete directional adaptation.
It was suggested that Acs promotes CheY acetylation and, consequently, clockwise generation [17] [18] [19] [20] . To determine whether Acs-mediated acetylation is involved in the subgroup of cells undergoing methylation-independent directional adaptation (Fig. 1C,D) , we measured the distribution of Δ(cheR cheB) responding cells lacking, in addition, the acetylating enzyme Acs (strain EW530; Table 1 ). The behavior of these cells was similar to that of the Δ(cheR cheB) cells (Fig. 2 versus Fig. 1) , suggesting that the directional adaptation observed in the small adaptable group of cells is Acs-independent. This was also observed with freely swimming cells: Δ(cheR cheB) and Δ(cheR cheB acs) cells responded to MeAsp with decreased angular velocity, as expected for an attractant response (Fig. 3A,C) , whereas no adaptation of the bacterial population as a whole was observed in either strain. Consistently with the results of the tethering experiments (Figs 1 and 2) , only a minority of the swimming cells adapted to MeAsp in both strains (Fig. 3B,D) .
In agreement with previously published results [21, 22] , addition of MeAsp increased the mean swimming speed in both strains (Fig. 4A,C) . Following the initial speed response, the Δ(cheR cheB) cells partially adapted within 3 min (Fig. 4A) , whereas no speed adaptation was observed in the Δ(cheR cheB acs) cells (Fig. 4C) . The distribution of the speed responses showed that while 20% of the Δ(cheR cheB) cells exhibited speed adaptation at the endpoint of the measurement, only 1.5% of Δ(cheR cheB acs) did so (Fig. 4B,  D) . To verify that this difference between the strains is due to Acs, we complemented the Δ(cheR cheB acs) strain with an Acs-producing plasmid (strain EW552, Table 1 ). Induction of Acs production with IPTG restored the partial speed adaptation (Fig. 4E,F) .
We confirmed these results by following the rotation of beads attached to flagella. Addition of MeAsp increased the rotation speed of the flagella in both Δ(cheR cheB) and Δ(cheR cheB acs) strains (Fig. 5A,  B) . However, only in the former was speed adaptation observed.
Discussion
Here we showed that methylation-independent directional adaptation [4] [5] [6] is only affiliated with a small subpopulation and, therefore, is not likely to represent the population response. It seems that a more dominant effect of MeAsp in the absence of CheR and CheB is speed enhancement followed by speed adaptation. This speed adaptation, unlike the directional adaptation when observed, is dependent on the presence of Acs.
The mechanisms underlying the attractant-stimulated changes in speed, i.e., chemokinesis, and the resulting adaptation are not known. Since flagella can be arrested by repellents even when the chemotaxis machinery is missing [21] , it is not impossible that chemotactic stimuli modulate flagellar speed directly. Another possibility is that chemotactic signaling affects not only the direction of flagellar rotation but also the speed [21, 22] . Since one of the outcomes of CheY binding to the switch is a change in its FliM content [7, 23] , one possibility, speculative at this stage, is that the change in the number of FliM units in the motor affects the number of switch domains interacting with the stators.
The observed dependence of methylation-independent speed adaptation on the presence of Acs suggests dependence on CheY acetylation [17] [18] [19] 
